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SRPProtein trafﬁcking and localization in plastids involve a complex interplay between ancient (prokaryotic) and
novel (eukaryotic) translocases and targeting machineries. During evolution, ancient systems acquired new
functions and novel translocation machineries were developed to facilitate the correct localization of nuclear
encoded proteins targeted to the chloroplast. Because of its post-translational nature, targeting and integra-
tion of membrane proteins posed the biggest challenge to the organelle to avoid aggregation in the aqueous
compartments. Soluble proteins faced a different kind of problem since some had to be transported across
three membranes to reach their destination. Early studies suggested that chloroplasts addressed these issues
by adapting ancient-prokaryotic machineries and integrating them with novel-eukaryotic systems, a process
called ‘conservative sorting’. In the last decade, detailed biochemical, genetic, and structural studies have
unraveled the mechanisms of protein targeting and localization in chloroplasts, suggesting a highly integrat-
ed scheme where ancient and novel systems collaborate at different stages of the process. In this review we
focus on the differences and similarities between chloroplast ancestral translocases and their prokaryotic rel-
atives to highlight known modiﬁcations that adapted them to the eukaryotic situation. This article is part of a
Special Issue entitled: Protein Import and Quality Control in Mitochondria and Plastids.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Chloroplast evolved froman endosymbiotic cyanobacterium. During
the process of becoming a chloroplast, the endosymbiont lostmost of its
~3000 genes. A large number of these were relocated to the nucleus
where they acquired eukaryotic promoters and in most cases targeting
peptides for returning the now nucleus encoded and cytosolically syn-
thesized proteins back into the organelle. In addition, because these
proteins carry out ancestral functions in topologically comparable com-
partments, the imported proteins require further trafﬁcking into the
different sub-compartments. The cell solved this complex logistical
problem by a hierarchical trafﬁcking scheme in which novel
translocases in the chloroplast envelope import precursor proteins
and deliver them to ancestral protein translocases located in speciﬁc
chloroplast compartments (Fig. 1). This routing process is known as
conservative sorting [1]. Conservative sorting is arguably the mostImport and Quality Control in
partment and Plant Molecular
Hall, Box 110690, Gainesville,
2 5653.
East Mall, University of British
rights reserved.parsimonious solution to the problem as it makes use of pre-existing
mechanisms and translocases and requires minimum introduction of
novel translocation mechanisms.
Toc (Translocon at the outer chloroplast envelope) andTic (Translocon
at the inner chloroplast envelope) are novel translocases located in the
chloroplast envelope [2,3]. Toc and Tic import most chloroplast proteins
across the envelope into the stroma. Precursor proteins are targeted to
Toc/Tic by amino terminal ‘transit peptides’ that are removed in the
stroma following import. Proteins that possess no additional sorting sig-
nals remain in the stroma, whereas imported proteins with additional
targeting signals are directed to the inner envelope membrane, the
thylakoid membrane, or the thylakoid lumen [2]. The ancestral
translocases include the thylakoid cpSRP/Alb3 (chloroplast Signal Recog-
nition Particle/Albino3), cpTat (Twin arginine translocation), and cpSec
(cpSec1) pathways. All of these systems are represented in extant pro-
karyotes where they perform analogous functions. A second Sec pathway
(cpSec2) has recently been discovered and shown to be largely located in
the plastid envelope, although somemay be present in the thylakoids [4].
The substrates of cpSec2 have not been deﬁnitively identiﬁed, but cpSec2
is essential for plastid biogenesis. Taken together, this collection of novel
and ancestral translocases appears capable of localizing all of the nuclear
encoded proteins. However, adaptations of the ancestral mechanisms
have been necessary to address the fact that all localizations of imported
proteins in chloroplasts occur post-translationally, whereas the integra-
tion of many membrane proteins in bacteria occurs co-translationally
[5]. This review aims to summarize the mechanistic features of ancestral
Fig. 1. Trafﬁcking pathways of chloroplast proteins. Most plastid proteins are encoded on nuclear genes and synthesized in the cytosol as precursor proteinswith N-terminal transit pep-
tides that govern import through the Toc and Tic translocases into the stroma and are removed by a stromal processing protease. Thylakoid lumen-resident proteins and some thylakoid
membrane proteins are targeted by hydrophobic signal peptides that are removed by a lumen-facing signal peptidase following translocation. Multispanning membrane proteins are
targeted by uncleaved hydrophobic transmembrane domains (TMD). The ancestral (conserved from the endosymbiont) thylakoid translocases are the cpSRP/Alb3, cpTat, and
cpSecA1/cpSecY1E1. A second recently described and divergent Sec translocase, cpSecA2/cpSecY2E2 is located in the plastid envelope. For presentation purposes, the cp preﬁx is not
shown. A relatively small number of plastid proteins are encoded on plastid genes and many of these are co-translationally integrated into the thylakoid membrane and assembled
into photosynthetic complexes. A hypothesized, but experimentally supported, membrane ﬂow from the inner envelope membrane to the thylakoids (see Section 3.3) may be involved
in thylakoid biogenesis. In this and subsequent ﬁgures, translocases conserved from the endosymbiont are colored orange and those invented in eukaryotes or not conserved are colored
blue.
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eukaryotic situation, and to offer speculative solutions to others.
2. Conservative sorting to the thylakoid membrane and lumen
The proteins localized to thylakoids can be divided into two major
classiﬁcations according to the types of translocation that they must
undergo. Thylakoid lumen resident proteins are globular proteins
that must be completely transported across the membrane. Because
these are aqueous soluble proteins, crossing the lipid bilayer presents
a large energy barrier. Thylakoid membrane integrated proteins fall
into several classes including simple, multispanning, and those that
have large transported domains, i.e. loops and/or tails.
2.1. Post-translational transport of proteins to the lumen
Proteomic studies of the thylakoid lumen compartment indicate
that there are ~80 to 100 lumenal proteins [6,7]. All are encoded in
the nucleus and imported into chloroplasts. Lumen resident proteins
are transported by either the cpSec1 translocase or the cpTat
translocase. Substrate proteins are targeted to these translocases by
cleavable hydrophobic signal peptides, with characteristic tripartite
amino proximal charged (N) domain, hydrophobic core (H) domain,
and cleavage (C) domain, the latter which contains an A-X-A consensussite for the lumen facing signal peptidase, where X designates any
amino acid [8]. One major difference between signal peptides for the
two pathways is that Tat-directed precursor proteins have an essential
twin arginine motif at the intersection of N and H domains [9]. Based
primarily on the presence or absence of the twin argininemotif in signal
peptides, it is estimated that cpSec1 transports about 50% of the
lumenal proteins and cpTat transports the other 50% [6,7]. Targeting
speciﬁcity for cpSec1 or cpTat is very high both in vitro [9–12] and in
vivo [13]. Targeting speciﬁcity is determined by the presence/absence
of the twin argininemotif, by othermore subtle differences in the signal
peptide (e.g. hydrophobicity, basic residues in the C domain), and a gen-
eral incompatibility of cpTat passenger proteins (i.e. the mature do-
mains) with the Sec mechanism (see e.g. [12,14,15] for discussion).
This incompatibility is likely related to the fact that at least some
cpTat substrates fold tightly in the stroma [16,17].2.2. cpSec1 transports unfolded proteins through a narrow channel
The cpSec1 system (cpSecA/cpSecYE) was the ﬁrst ancestral
translocase to be identiﬁed in chloroplasts [18,19] (Fig. 2A). It is highly
homologous to the bacterial SecA/SecYEG system, which operates in a
post-translational mode of transport and has been extensively investigat-
ed at the mechanistic level [20,21] (Fig. 2B). SecYEG is a transmembrane
channel complex that provides the protein-conducting pore. SecA is an
A B
Fig. 2. Comparison of the post-translational Sec pathways in the thylakoids and the prokaryote E. coli. The basic translocase consists of an hourglass shaped channel made up of SecY
and SecE. Polypeptides traverse the Sec channel in an unfolded conformation. The SecA ATPase functions as a reciprocating translocation motor to feed polypeptide substrates
through the channel. The E. coli Sec channel also contains the non-essential component SecG. E. coli also contains an additional non-essential complex called SecDFyajC, which
seems to mediate the involvement of the protonmotive force in translocation, and a chaperone called SecB that maintains the precursor protein in transport competent conforma-
tion. The additional components are not conserved among prokaryotes.
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livery of unfolded substrate peptides through the SecYEG channel. This
mechanism enables the translocase to transport a large variety of proteins
of different sizes and properties, providing that the substrates are unfold-
ed or can be unfolded at the time of transport [22] (Fig. 2). Recent analysis
indicates that a pore ring of SecY hydrophobic residues acts as a gasket
around the translocating polypeptide, thus preventing small molecule
leakage during translocation [23]. Escherichia coli contains a chaperone
protein called SecB that fulﬁlls the role of keeping precursor proteins in
a transport competent state. Chloroplasts lack a SecB protein but possess
a number ofmolecular chaperones thatmay fulﬁll this function. The E. coli
Sec translocase also contains SecG, a component of the channel complex,
and an additional complex, SecDFyajC. The fact that chloroplasts lack
SecB, SecG and the SecDFyajC is not unusual as these components are
non-essential [21] and database searches indicate that they are largely ab-
sent from cyanobacteria. Despite having aminimal Sec translocase, sever-
al observations indicate that cpSec1 ismechanistically similar to the E. coli
Sec system in its post-translational mode. Both systems require ATP and
are inhibited by azide [18], both are stimulated by the protonmotive
force [24–26], both form a precursor protein–SecA–SecY complex on
the membrane [27], and both transport proteins in an unfolded confor-
mation amino-terminus ﬁrst [28,29].
2.3. Twin arginine translocation
Tat (Twin arginine translocation) is a novel system discovered in
thylakoids of chloroplasts, but widely represented among prokaryotes
[14,30]. Tat systems have the ability to transport folded protein sub-
strates that vary in size from ~2 kDa to over 100 kDa, or about 2 to
7 nm in diameter. cpTat has also been shown to transport unstructured
peptide chains [17]. Tat can also transport precursor proteins that form
oligomers. This can happen when all subunits have signal peptides and
are bound to the same Tat receptor complex [31], or when only one
subunit has a signal peptide and another subunit “hitchhikes” across
the membrane [32,33]. In all cases, transport occurs without uncon-
trolled ion leakage associated with movement of the substrate acrossthe membrane. At present there is no information on how the Tat sys-
tem avoids leaks during transport. The remarkable feats of Tat transport
are accomplished with only three membrane protein components:
cpTatC, Hcf106 and Tha4 in thylakoids, and the orthologous TatC, TatB
and TatA in gram negative bacteria and some gram positive bacteria.
Amazingly, some gram-positive bacteria and Archaea carry out Tat
transport with only TatC and TatA. The common features of Tat systems
are the ability to transport folded proteins and oligomers with a small
number of membrane protein components and the protonmotive
force of energy. In some speciﬁc features, thylakoid and prokaryotic sys-
tems vary. For example, many of the substrates of the E. coli Tat system
are metal-ion cofactor containing proteins that are ligated with cofac-
tors in the cytosol. Cofactor chaperones act as proof reading factors
that release the precursor to the Tat translocase only after cofactor load-
ing, see [34] for discussion. Among substrates for the thylakoid system,
only one, polyphenol oxidase, is a cofactor containing protein, and proof
reading has not been documented in the plant Tat system [14,28].
Detailedmechanistic studies of Tat systemshave been doneprimarily
with the cpTat system and the E. coli Tat system. Insights into cpTat
mechanism derive primarily from biochemical dissection of the process
into discrete steps that include precursor binding, Tha4 assembly, and
precursor protein translocation [15,35] (Fig. 3A). Studies of component
and precursor interactions at these several stages deﬁne in part the
roles of different components. Components of cpTat are found in two
separate complexes in non-transporting membranes. The cpTatC and
Hcf106 proteins form a large receptor complex [15]. The receptor com-
plex binds the precursor protein primarily through an interaction be-
tween the cpTatC amino terminus and ﬁrst stromal loop and the RR
motif of the signal peptide ([35–38], Ma and Cline in preparation).
Some evidence indicates that the signal peptide could bind ﬁrst to the
lipid bilayer and then to the receptor [39,40], but this seems to happen
only under saturating precursor concentrations and its mechanistic role
remains controversial since some reports have found that lipid-bound
precursors are not transported [41]. Blue native PAGE of detergent
solubilized membranes characterized the receptor complex as a
hetero-oligomer of 700 kDa (390 kDa when corrected for dye binding)
AB
Fig. 3. Steps of the Twin arginine translocation (Tat) pathway in thylakoid membranes of plant chloroplasts. (A) Steps for binding, Tha4assembly, and translocation. The three
components of the cpTat system, cpTatC, Hcf106, and Tha4, are organized in two complexes in the membrane. cpTatC and Hcf106 form a receptor complex that binds the twin
arginine signal peptide. cpTatC binds the RR motif of the signal peptide through its N-terminus and ﬁrst stromal loop. Hcf106 also makes contact with the signal peptide. For pur-
poses of illustration only one receptor unit is shown with one cpTatC (in blue and depicted with its six TMDs) and one Hcf106 (in yellow). The signal peptide and the proton gra-
dient trigger assembly of Tha4 (in orange), which may polymerize to form a transport active homo-oligomer. Functional analysis indicates that a Tha4 oligomer of ~26 protomers is
required for transport of the OE17 precursor protein. The precursor is translocated by still an unknown mechanism and the signal peptide cleaved by the lumen-facing signal pep-
tidase (scissors). After precursor protein translocation, Tha4 dissociates into, apparently, tetramers. (B) The characterized receptor complex may contain eight cpTatC–Hcf106
heterodimers (depicted here as blue cylinders that each represent cpTatC–Hcf106 hetero-dimer). Binding stoichiometry studies suggest that a fully saturated receptor complex
contains~eight precursor proteins. In addition, when Tha4 is in sufﬁcient abundance, all precursor bound sites are independently activated for transport. This suggests that a
fully saturated and Tha4 assembled cpTat translocase would be >2 MDa.
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each receptor complex is composed of an estimated 8 cpTatC-Hcf106
pairs (Fig. 3A) [15]. Recent saturation binding studies show that each
cpTatC is capable of binding a precursor protein non-cooperatively
[41]. Thus a fully saturated complex would have 8 precursor proteins
(Fig. 3B). Disulﬁde crosslinking studies of Cys substituted precursor pro-
teins bound to thylakoids conﬁrm that the cpTat receptor complex is
multivalent in situ, i.e. it has the ability to bind multiple precursors
[31]. It is currently unknown if the E. coli receptor complex is similarly
multivalent. Structural analysis of puriﬁed precursor-bound TatBC recep-
tor complexes observed only one to two precursor proteins per complex
[42]. Nevertheless, the geometry of TatBC receptor complexes containing
two precursor proteins, i.e. with the precursors projecting radially from a
mushroomcap shapedhub at a ~50° angle, suggests the potential for 7 to
8 binding sites per complex.
Binding of precursor protein plus the presence of the proton gradi-
ent triggers Tha4 assembly with the cpTat receptor complex [35]. The
timing of this assembly process and the fact that Tha4 is only required
for the translocation step suggests that the cpTatC–Hcf106–Tha4complex is the translocase. Upon transport of bound precursor pro-
tein, Tha4 disassembles from the receptor complex but reassembles
if more precursor protein is added. This has suggested that Tha4
may assemble anew for each precursor. Initial crosslinking studies
of the bacterial system suggested that its translocase also assembles
on demand [36]. However, recent in vivo imaging experiments as
well as in vitro crosslinking experiments question that interpretation,
providing indirect [43] and direct [44] evidence for TatA association
with receptor complex in the absence of the protonmotive force or/
and precursor, respectively. Thus, the regulated assembly of the
translocase may be one aspect of the thylakoid Tat system that differs
from the prokaryotic Tat system.
2.3.1. The Tat ‘channel’
Two questions dwarf the many regarding Tat mechanism. What is
the nature of the passageway across the membrane, and does the
protonmotive force power the transport step and, if so, how? The
fact that Tat transports folded proteins and oligomers with a wide
range of dimensions suggests that the Tat protein-conducting
345J.M. Celedon, K. Cline / Biochimica et Biophysica Acta 1833 (2013) 341–351structure has the ability to adjust its transmembrane opening
according to the passenger protein dimensions [17,32]. And at the
same time, it has to ﬁt the substrate in such a way that there are no
signiﬁcant gaps that would allow small molecules to pass down con-
centration gradients. The stoichiometry of Tat components in chloro-
plasts Tha4/Hcf106/cpTatC (21/4/1) [41] and E. coli TatA/TatB/TatC
(75/2.5/1) [30] suggested that multiple copies of Tha4 (TatA) form
the protein-conducting element for transport [32,35]. Subsequent
studies lend support to that speculation. Disulﬁde crosslinking with
Cys-substituted Tha4 [45,46] and in vivo imaging of TatA-YFP [43]
demonstrate that Tha4 (TatA) assembles as homo-oligomers in the
translocase. Crosslinking studies with E. coli Tat show that TatA
makes contact with the precursor protein during early stages of trans-
port but not in de-energized membranes [44,47]. Nevertheless, many
questions need to be answered before concluding that a Tha4 (TatA)
oligomer forms the protein-conducting element.
Several arguments have beenmade that TatA (Tha4) oligomers form
channels around the precursor [43,48]. One formulation of this model is
that Tha4 (TatA) tetramers are recruited to the receptor complexwhere
they ‘polymerize’ to an appropriately sized oligomer [35,43]. However
supporting evidence for a channel is indirect and involves several as-
sumptions. Single particle imaging of detergent-isolated TatA particles
appeared to show channel-like structures [48], but a subsequent study
indicated that the TatA particles were probably an artifact of detergent
extraction [43]. Tracking analysis of TatA-YFP oligomers gave mem-
brane diffusion coefﬁcients that were consistent with an oligomer
shape of ‘channel-like rings’. However, concluding from this that TatA
forms channels assumes that each translocase contained only a single
TatA oligomer and that the associated TatBC did not affect the coefﬁ-
cient of diffusion [43]. Nevertheless, the channel model is themost pal-
atable and makes testable predictions. One is that the size of the
precursor protein would dictate the size of the associated Tha4 (TatA)
oligomer. For example, Gohlke et al. [48] suggested a relationship be-
tween the number of TatA protomers and the diameter of the channel
opening. Obtaining a functional size for the Tha4 (TatA) oligomer has
been difﬁcult because of the transient existence of the translocase and
the multivalent nature of the receptor complex. Thus, the ﬁnding of a
range of translocase-associated oligomers up to 18 Tha4 by disulﬁde
crosslinking was limited by the inherent inefﬁciency of crosslinking
and uncertainty regarding the number of precursor occupied sites on
the same translocase producing the oligomers [46]. Fluorescence imag-
ing of E. coli TatA-YFP, which produced oligomeric spots from tetramer-
ic TatA-YFP to more than 80 TatA-YFP per spot, is also difﬁcult to
functionally interpret [43]. Does this size range represent TatA in the
process of polymerizing and depolymerizing or does it reﬂect different
numbers of oligomers per receptor complex? Or is the median spot
size of 25 TatA-YFP a better measure of the functional size?
Recent work from our group measured the functional oligomer size
with a different approach [41]. The kinetics of transport of bound pre-
cursor proteins was examined as a function of receptor occupancy and
Tha4 concentration. When Tha4 was present in excess, all precursor
bound sites were simultaneously activated for transport and transport
proceeded with ﬁrst order kinetics, regardless of the level of precursor
occupancy, i.e. from less than oneprecursor per complex to 8 precursors
per complex. Titration of Tha4 determined that the minimum amount
of Tha4 to activate all precursor bound sites for transport was 26 Tha4
per 20 kDa OE17 precursor protein. It is intriguing that similar values
for the oligomer were obtained by disparate methods. Nevertheless,
the methodology is now available to test the prediction that the func-
tional Tha4 oligomer is related to the dimensions of the precursor pro-
tein or other conditions under which transport is measured.
An alternative to the channel model is that a ‘carpet’ of Tha4 amphi-
pathic helices populates the precursors-proximal space, thereby
destabilizing the membrane and possibly serving as a bilayer-active
‘trapdoor’ [49]. Such a carpet of amphipathic helicesmay function similar
to themanner by which antimicrobial amphipathic peptides make holesin membranes [50]. In this model, it is not as obvious that the size of the
carpetwould be tightly linked to precursor size. Rather, temperature and
bilayer ﬂuidity may play a greater role in the functional size of carpet
oligomers.
In order to evaluate thesemodels, the identity of the Tha4 (TatA) do-
main that contacts the folded passenger protein as it crosses the bilayer
must be determined. In addition, it is important to determine the con-
formation and topology of Tha4 (TatA) both, before and during trans-
port. Such studies are underway in a number of labs. It is unlikely that
‘channels’ will be isolated with methods currently available. A 2007
study [17] presented cpTat with long chimeric precursor proteins that
contained both folded and unstructured peptide domains. Although
most of these substrates were transported, some chimeric precursor
proteins stalled during transport on the unstructured domain. However,
there was no evidence that the stalled proteins were associated with a
‘channel’ or any other cpTat component.
2.3.2. Tat energetics
The transmembrane proton electrochemical gradient is required for
Tat transport in thylakoids and in E. colimembranes. However, the exact
nature of its involvement is unclear. The thylakoid pathway was origi-
nally called the ΔpH dependent pathway because transport could be
prevented in vitro by ionophores that dissipate the pH gradient without
affecting theΔΨ.With similarmethods itwas shown that theΔpH is es-
sential for assembly of Tha4with the precursor bound receptor complex
[35]. The requirement forΔpHwas questioned by Finazzi et al. [51]who
observed Tat transport in a mutant of the alga Chlamydomonas
reinhardtii that lacked the ability to generate a ΔpH. However, the like-
lihood that the mutant alga can generate ΔΨ raised the possibility that
cpTat can use either ΔpH or ΔΨ to power translocation [52]. A subse-
quent study by Braun and Theg [53] showed that the ΔΨ could contrib-
ute to cpTat protein transport in vitro if the ΔpH was lowered to a
limiting value. Whether the ΔΨ can entirely substitute for the ΔpH in
plant thylakoids is not known due to the experimental difﬁculty of
obtaining membranes in which the ΔΨ completely replaces the ΔpH.
In addition, it has not yet been possible to determine if the
protonmotive force is required only for translocase assembly or is also
important for the translocation step. Resolving these issues should
shed light on the question of whether or not transmembrane proton
transfer is mechanistically coupled to protein translocation, as was con-
cluded in a 2003 study [54].
The question of Tat energetics is more puzzling when taken in con-
text with the reported requirements of E. coli Tat transport. Bageshwar
andMusser [55] reported that the ΔpH plays no role in E. coli Tat trans-
port. Instead, ΔΨ is required at two stages; a large ΔΨ is required early
in the reaction and a smallΔΨ is required during translocation. The lack
of ΔpH involvement in E. coli Tat transport may be related to the fact
that Tha4 has a transmembrane glutamate residue that, together with
the proton gradient, is required for translocase assembly [56], whereas
E. coli TatA contains uncharged glutamine in the analogous location and
may be constitutively assembled with TatBC (see above). It is interest-
ing that the transmembrane glutamate is virtually invariant among
photosynthetic organisms but is rarely found in non-photosynthetic
bacteria and Archaea. Nevertheless, differences in the relative impor-
tance of protonmotive force components refocus attention on whether
the protonmotive force is required for transport or rather to prime the
translocase, e.g. with the actual translocation step occurring by thermal
motion.
3. Membrane protein integration
The thylakoid membrane carries out photosynthetic electron trans-
port and ATP synthesis via 5 different supramolecular complexes. There
are about 100 known proteins of the photosynthetic apparatus, of
which ~50% are encoded on plastid genes; the remainder are encoded
by nuclear genes. Thylakoids also contain other nucleus-encoded
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and homeostasis, e.g. components of thylakoid translocases. For exam-
ple, the Plant Proteome Database http://ppdb.tc.cornell.edu/ lists 138
integral thylakoid membrane proteins.
Integration of membrane proteins can require a variety of different
mechanisms depending on the particularmembrane protein. Thylakoid
membrane proteins are anchored in the bilayer by alpha helical trans-
membrane domains (TMDs). In principle and in practice, TMD can inte-
grate into the bilayer without assistance of translocation machinery or
energy input. A number of thylakoid proteinswith one or two TMDs ap-
pear to do just that. Single spanning proteins, e.g. cpSecE1, Tha4, and
Hcf106; single spanning proteinsmadewith cleavable hydrophobic sig-
nal peptides that assist insertion, e.g. CF0 II, PsbX, PsbY; and double
spanning proteins with short transported loops, e.g. PsaG and PsAK,
are integrated by what is called the ‘spontaneous’ pathway, reviewed
in [57,58]. These proteins have been shown to integrate into isolated
thylakoids in reactions that have been scrubbed of all energy sources
and inactivated for the known thylakoid translocases, either with
inactivating antibodies or by protease pretreatment of the membrane.
The absolute requirement for a translocation machine depends on
the regions ﬂanking the TMDs that must be transported across the
membrane as well as the number of TMDs per protein. Proteins with
one or two TMDs and with one or more large transported hydrophilic
loops or tails require translocation machinery and energy input. The
cpSec1 and cpTat machineries have been shown to integrate such sim-
ple membrane proteins with large transported domains. Examples in-
clude cpSec1 mediated post-translational integration of PSAF [59] and
FtsH5 [60] and co-translational integration of the plastid encoded cyto-
chrome f [13,61], and Tat mediated post-translational integration of the
single spanning FtsH2 [60,62].
Proteins spanning the membrane more than twice may be the most
difﬁcult translocation problem faced by the plastid, as their TMD must
be precisely threaded into the bilayer and large lumenal loops and
tails must be translocated. In addition, most multispanning membrane
proteins further fold into compact structures that involve helix–helix
packing and, frequently, assembly with other membrane proteins. The
endoplasmic reticulum and the bacterial transport systems address
these problems by co-translational integration. This presumably avoids
aggregations of the multiple hydrophobic segments in the aqueous
compartment and also may choreograph stepwise insertion of TMDs
[63–65]. In E. coli the signal recognition particle (SRP), which consists
of an SRP54 homologous protein and a 4.5S RNA (Fig. 4B), binds the sig-
nal peptide or amino proximal TMD emerging from the ribosomal tun-
nel and escorts the nascent chain-ribosome complex to SecYEG, to YidC,
or to a complex of both for co-translational integration [5,66].
3.1. Co-translational integration of thylakoid membrane proteins
A similar co-translational process appears to integrate plastid-
encoded multispanning membrane proteins. Examples include the 5
spanning PsbA and PsbB proteins and the 11 spanning PsaA and PsaB
proteins. That these proteins are translated on thylakoid bound poly-
somes is well established, but it has been more difﬁcult to determine
exactlywhich translocase components are involved because an efﬁcient
in vitro thylakoid integration assay is not available. However, indirect
evidence suggests that the cpSec1 system is responsible for integration
and Alb3 (YidC insertase ortholog) is involved in assembly of PsbA into
PSII reaction centers [67]. PsbA-ribosome nascent chain complexes
produced during in organello protein synthesis are associated with
cpSecY1 [68]. It is likely that other plastid encoded multispan proteins
are also integrated co-translationally by cpSec1 as the maize cpSecA
null strain tha1 is reduced in many, but not all, thylakoid proteins and
protein complexes [13]. PsbA nascent chains produced by organelle-
free translation could be crosslinked to cpSRP54, a subunit of the
post-translational cpSRP (see Section 3.2) [69]. However a direct in-
volvement of cpSRP54 in the co-translational integration pathway hasbeen more difﬁcult to establish. Gene disruptions of cpSRP54 have a
more limited effect on the assembly of plastid encoded thylakoid pro-
teins, suggesting that many or most plastid encoded thylakoid proteins
are not targeted by cpSRP. For example, single mutants in Arabidopsis
cpSRP54 and cpFtsY have measurable but not dramatic effects on the
accumulation of the core subunits of PSI and PSII [70], although Asakura
et al. [71] found amore drastic effect of cpFtsYmaizemutant on PSI and
PSII.
3.2. Post-translational integration of nucleus-encoded multispanning
membrane proteins
Nucleus-encoded thylakoid membrane proteins are imported into
the plastid post-translationally and thus are inserted into themembrane
post-translationally. The light harvesting chlorophyll a/b proteins (LHCP)
are the most abundant nuclear encoded thylakoid proteins, constituting
up to 1/3 of thylakoid membrane proteins. Each LHCP family member
has 3 membrane spans and is noncovalently bound to chlorophylls and
carotenoids. They were the ﬁrst thylakoid proteins shown to insert
post-translationally [72] and their insertion represents a special case of
an ancient prokaryotic mechanism adapted to the eukaryotic situation.
After import into the chloroplast, LHC proteins are targeted to the
thylakoid membrane by the chloroplast SRP system (cpSRP) and inte-
grated by Alb3 (Fig. 4A). cpSRP is different from all other SRP systems
in that it lacks an associated RNA and consists only of an SRP54
homologue (cpSRP54) and a novel protein called cpSRP43. Features of
both the cpSRP54 and cpSRP43 enable this system to operate
post-translationally and without an associated RNA. cpSRP54 has a con-
served domain structure consisting of an amino terminal N domain, a
GTPaseGdomain, and anMdomain that binds hydrophobic peptide seg-
ments. cpSRP54 binds to LHCP TMDs and is preferentially crosslinked to
the third TMD [73]. cpSRP43 also has amultidomain structure consisting
of an N proximal chromodomain (CD1) four ankyrin repeats (Ank1-4),
and two C terminal chromodomains (CD2-3). cpSRP43 binds to an 18
residue signature sequence (L18) on LHCP substrates via the ankyrin re-
peat region [74,75]. Thus cpSRP is the soluble receptor by virtue of recog-
nition of both hydrophobic TMDs and the L18 signature motif.
cpSRP binds to LHCP post-translationally [76] which differs from cy-
tosolic SRPs that bind only to short nascent chains (Fig. 4B) [77–79]. In
addition, binding to LHCP keeps it soluble and integration competent
[80]. Until recently, it was thought that cpSRP54 played the major role
in keeping LHCP soluble in the stroma because of its ability to bind hy-
drophobic segments. However, a recent study showed that cpSRP43
alone not only can prevent LHCP aggregation, but also can actively sol-
ubilize aggregated LHCP in a novel disaggregase activity [81]. Thus,
these two features, binding post-translationally, and preventing aggre-
gation of a multispanning membrane protein differentiate cpSRP from
the prokaryotic SRP and the endoplasmic reticulum SRP, and represent
a key adaptation in the transfer of genes from the chloroplast to the
nucleus.
Similar to the prokaryotic SRP system (Fig. 4B), targeting of the
cpSRP–substrate complex to the thylakoid membrane is mediated by
speciﬁc interactions between the cpSRP54 subunit and the receptor
GTPase cpFtsY, and requires GTP [82,83] (Fig. 4A). Also similar to pro-
karyotic SRP systems, substrate targeting and delivery to translocation
machineries require GTP hydrolysis by cpSRP54 and cpFtsY to allow
substrate release and recycling of components [84]. In chloroplasts, as
well as in E. coli, the receptor cpFtsY is found in two pools, a soluble
and amembrane bound form [82]. In both cases, membrane association
is mediated through an N-terminal amphipathic helix that is proposed
to act as a conformational switch that stimulates GTP hydrolysis and
substrate delivery to Alb3/YidC upon membrane association [85–87].
Targeting to the thylakoid membrane represents a special challenge
to the chloroplast SRP system since the N-terminal amphipathic helix
interacts with thylakoid lipids [87] and conceivably could bind
non-productively to inner envelope membrane, which has essentially
A B
Fig. 4. The chloroplast post-translational Signal Recognition Particle (cpSRP) pathway and its comparison to the E. coli co-translational SRP pathways. (A) The cpSRP system is the
best example of a modiﬁcation that adapts the prokaryotic machinery to the eukaryotic situation. The cpSRP system lacks the nearly ubiquitous RNA moiety of SRPs (colored blue in
panel B) but contains a novel cpSRP43 protein. Combined activities of both proteins allow the chloroplast system to bind imported LHC proteins and maintain them soluble and
integration competent. cpSRP54 binds hydrophobic domains as do other SRP54 proteins. However, cpSRP43 appears to be responsible for the novel post-translational mode of
action; it binds a novel hydrophilic motif that is found only on LHC antenna proteins; it maintains LHCP in a dis-aggregated state, and it targets the cpSRP–LHCP to the integrase
Alb3 via the Alb3 C-terminus (colored red). (B) The E. coli SRP has been shown to co-translationally target to several different translocase and integrase conﬁgurations. It remains
to be determined if such versatility is characteristic of cpSRP.
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additional interaction between cpSRP and the integrase Alb3. cpSRP43
binds to the C-terminal tail of Alb3 and to the TMD5 region close to
the lumenal side of the membrane, as was shown by in vitro and in
vivo experiments [84,88,89]. In a membrane free assay, binding of
Alb3 C-terminal tail stimulated the GTPase activity of cpSRP and also
destabilized the LHCP–cpSRP complex [84]. Of interest is that the Alb3
C-tail binds with high afﬁnity to the ankyrin repeat of cpSRP43, the
same region that binds to L18, suggesting that cpSRP43 binding to the
C-tail may be the key reaction for targeting to and releasing the sub-
strate to the Alb3 integrase as well as stimulating the recycling of the
cpSRP. Mitochondria lack an SRP but do contain an essential homolog
of Alb3 called Oxa1p, for review [90]. Interestingly, the carboxyl tail of
Oxa1p is responsible for recruiting mitochondrial ribosomes that are
translating substrates for Oxa1p. One can imagine that cpSRP is only
an intermediate in the evolution of the LHCP integration pathway;
whereby cpSRP54 would ultimately be replaced by cpSRP43 which
would assume the role of targeting to the integrase. Support for this no-
tion is that, whereas the singlemutants of cpSRP54 and cpFtsY are chlo-
rotic and deﬁcient in LHC proteins, combining the two mutations
rescues the mutant phenotype [70]. In addition, the mutant phenotype
of loss of cpSRP43 is rescued by expression of a modiﬁed form that does
not interact with cpSRP54 [70]. This suggests that the cpSRP54–cpFtsY
can be completely bypassed as long as cpSRP43 is present, and further
implies that the system is poised to evolve into an SRP-independent
mode of post-translational targeting to the thylakoid membrane.
Alb3 is homologous to YidC in E. coli and to Oxa1p in mitochondria.
Alb3 appears, similar to its homologues, to serve as an integrase sepa-
rately from the Sec system. The mechanism(s) by which these proteins
facilitate integration is not known with any certainty but it likely in-
volves presenting a surface for folding TMDs into their α-helicalconformations, by which they can readily partition into the bilayer.
Cryo EM of Oxa1p and YidC in associationwith ribosomes shows a dou-
ble pore structure that may or may not be involved inmembrane inser-
tion [91]. As mentioned above, Alb3 can also function in concert with
the cpSec1 system, apparently as a membrane bound chaperone to fa-
cilitate assembly of PsbA into the photosystem II core complex, similar
to the chaperone function described for YidC [92]. The extent of Alb3's
involvement in the integration and assembly of membrane proteins in
thylakoids is likely extended to more proteins than the LHCPs and
PsbA as judged by the severe defects caused by disruption of the Alb3
gene [71,93]. For more details, the cpSRP system has been recently
reviewed in [94].
3.3. cpSec2 and a hypothesis for integration of other multispanning
membrane proteins
Considering that the cpSRP–Alb3 system functions so efﬁciently, it is
surprising that it doesn't integrate all imported multispan proteins.
However, the LHCPs are the only thylakoid membrane proteins that
contain the L18 motif [95]. In addition, mutant analyses of cpSRP
subunits conﬁrm that this system is largely limited to LHCPs. Themech-
anism of integration of other imported multispanning thylakoid mem-
brane proteins is yet a mystery. Such proteins include the core
subunits of the thylakoid translocases cpTatC (6 spans), cpSecY (10
spans), and Alb3 (5 spans) as well as chlorophyll synthetase (6
spans), and EGY1 (8 spans). Although it is conceivable that another
novel mechanism adapts cpSec1 or Alb3 to post-translationally inte-
grate these proteins, this appears not to be the case for cpTatC [96]. Fol-
lowing import, mature cpTatC brieﬂy appeared in the stromal fraction
before chasing into the membrane-integrated form. This suggested
that integration per se is accomplished by an ancestral translocase
Fig. 5. Speculative model for integration of multispanning membrane proteins by
cpSecA2/cpSecY2E2 during the protein import by the Toc and Tic system. Precursor
proteins directed to the chloroplast are imported across the outer and inner envelopes
by the Toc–Tic translocases. In a speculative model, Toc–Tic could work together with
the cpSec2 system to perform a ‘pseudo’ co-translational integration of membrane
proteins. This model is based on the observation that Tic40 begins integration during
import across Toc–Tic (see Section 3.3).
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system [97]. In vitro analysis of cpTatC integration excluded the cpTat,
cpSec1, and cpSRP pathways for cpTatC integration. In vivo analysis of
Arabidopsis null mutants in SCY1 or Alb3 conﬁrmed that cpSec1 and
Alb3 pathways are not involved. Speciﬁcally, cpTatC was correctly inte-
grated and assembled into the Tat receptor complex in mutant plants
that lacked cpSecY1 and plants that lacked Alb3. Furthermore, the fact
that cpTatC does not integrate into isolated thylakoids indicates that it
does not employ the ‘spontaneous’ pathway.
Two additional ancestral translocases have recently been described;
Alb4 [98], an Alb3 paralog, and cpSec2, consisting of cpSecA2 (SECA2 in
Arabidopsis) cpSecY2 (SCY2 in Arabidopsis), and a putative cpSecE2 [4].
These cpSec2 components are distantly related homologs of the compo-
nents of the thylakoid cpSec1 (SECA1, SCY1, and SECE1 in Arabidopsis).
A knockoutmutant of Alb4 in Arabidopsis possessed a verymild pheno-
type [99] which is not expected for a cpTatC integrase, because cpTatC
null mutants are nearly white and largely lack internal membranes
[100], (unpublished results of the authors). On the other hand, null
Arabidopsis mutants of the components of the cpSec2 system are lethal
at the globular embryo stage [4]. This differs fromnullmutants in any of
the cpSec1 components, which produced the typical thylakoid pheno-
type described for null cpTatC above [4]. Rescue of scy1 and scy2
mutants with promoter swapped SCY1 and SCY2 hybrid genes
demonstrated that the different phenotypes are due to functional differ-
ences between the proteins themselves rather than expression differ-
ences. In other words, cpSec1 and cpSec2 are likely to have different
substrates. In vitro chloroplast protein import assays, confocal ﬂuores-
cence microscopy, and immunogold electron microscopy indicated
that SCY2 is predominantly located in the plastid envelope, although
some may be thylakoid localized [4].
So what are the substrates of the cpSec2 system? Preliminary stud-
ies to characterize the phenotype resulting from the absence of cpSec2
in plants used an estrogen-inducible promoter linked to gene-speciﬁc
hairpin constructs for RNAi silencing to bypass the embryogenesis
block (unpublished results of J. Martin and K. Cline). In the absence of
estrogen, the plants had awild type phenotype. In the presence of estro-
gen SCY2 RNAi, as well as the positive control SCY1 RNAi, cotyledons,
hypocotyls, and ﬁrst true leaves failed to green (unpublished results
of J.Martin, G. Aldama, and K. Cline). Immunoblots of total protein dem-
onstrated interesting differences between the SCY1 and SCY2 RNAi
lines. The SCY1 RNAi tissue lacked SCY1 andwas reduced in Alb3. How-
ever, the SCY2 line was signiﬁcantly reduced in SCY1, cpTatC, Alb3,
Tic110, and Tic40. This is interesting because Tic110 and Tic40 are two
envelope proteins that are imported across the envelope and then
inserted into the inner envelope from the stromal side [101–103]. An-
other fascinating aspect of Tic40 integration is that a signiﬁcant amount
of the Tic 40 imported into chloroplasts in vitro began integrating into
the inner envelope while much of the protein was still spanning the
Toc/Tic apparatus [101]. This might be analogous to co-translational in-
tegration because the unfolded protein in the Toc/Tic channel is being
progressively delivered to the integrase in the envelope (Fig. 5). In
this context, it is tantalizing to speculate that the cpSec2 and Tic trans-
locases could collaborate in the import and subsequent integration of
multispanning membrane proteins into inner envelope, which would
represent a special case where ancestral and novel translocases work
in an integrated manner (Fig. 5).
Clearly, the immunoblot results of RNAi lines are only a ﬁrst
suggestion as to the substrates for cpSec2. However, the notion of a
Sec apparatus speciﬁcally tailored to a small set of substrates is
consistent with auxiliary Sec systems of some gram-positive bacteria
[104]. Such systems frequently translocate only a subset of the secret-
ome. Furthermore, the location of cpSec2 in the envelope is analogous
to the dual localization of SecY in cyanobacteria in plasma membrane
and the thylakoids and in the cyanelles of the alga Cyanophora paradoxa,
in the envelope and the thylakoids [105]. Assuming further analyses
conﬁrm that cpTatC, SCY1, Tic40, and Tic110 are substrates of cpSec2,this leads to an interesting speculation: cpSec2 could integrate SCY1,
cpTatC, and other multispanning proteins during their import into the
plastid. Although at ﬁrst glance it may seem illogical that thylakoid
translocase proteins would be integrated into the inner envelope,
such a processwould be consistentwith a proposed role of the inner en-
velope for thylakoid biogenesis and would also allow cpSec2 to inte-
grate multispanning membrane proteins in other types of plastids.
Ultrastructural studies of plastids during chloroplast development
show large invaginations from the inner envelope membrane that, in
many cases, appear as nascent thylakoid lamellae [106,107]. In addition,
low temperatures that slowbiogenesis enhance invaginations and asso-
ciated vesicles [108]. Thirdly, under certain conditions, Chlamydomonas
chloroplasts can be induced to elaborate functional photosynthetic
membranes connected to the inner envelope membranes [109]. If thy-
lakoid translocases are assembled in the inner envelope during chloro-
plast biogenesis, invaginations would begin to assemble thylakoid
proteins, a process that itself may drive invagination.
4. Future prospects
In the 1980s it was expected that chloroplasts would possess a SecA/
SecYE system, which was then the only known general translocation
system in bacteria. Much has happened in both prokaryote and chloro-
plast research to indicate that multiple systems are designed to address
the myriad translocation/integration problems presented to the cell or
organelle. In addition to the expected SecA/SecYE, a new translocation
system (Tat) has been discovered, as well as a new integrase (Alb3), a
novel type of chloroplast SRP, and a second chloroplast SecA/SecYE.
The post-translational chloroplast SRP and possibly the cpSec2 systems
have and will provide the most interesting views of how the eukaryotic
cell has adapted endosymbiont machinery to the constraints imposed
by relocating genes for membrane proteins to the nucleus.
4.1. cpSec1
Mechanistic studies of the post-translational cpSecA1/cpSecYE1
have largely ceased. It appears that the chloroplast system operates
with the same mechanistic features as the bacterial post-translational
Sec system, in which the bulk of mechanistic studies are focused. The
co-translational cpSec1 systemmay also operate similarly to the bacte-
rial system, although this conclusion is difﬁcult to experimentally prove
because of the lack of a robust in vitro assay. Certainly cpSecYE1 is in-
volved in the integration step for most plastid-encoded multispanning
membrane proteins. Whether cpSRP54 is involved is unclear; current
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tion of cpSec1 components offers a viable approach to this question as
well as in determining the relative contributions of cpSecYE1 and Alb3
and Alb4. However, the focus may now have shifted to the other steps
required for assembly of photosystem and electron transport com-
plexes. Ligation to cofactors and assembly with other subunits of
these supra-molecular structures may represent a much greater chal-
lenge to the experimentalist than the features on TMD integration per
se. Recent studies have made important strides in identifying assembly
factors [110,111] and promise to further uncover novel assemblymech-
anisms that have not been revealed by studies of prokaryotes.
4.2. Twin arginine translocation
Despite considerable progress, there is much to be learned about
how this system transports folded proteins. Progress in this system
has come from combined approaches with plant chloroplasts and
E. coli. Each system provides unique methodological advantages to-
wards deciphering mechanisms. Bacterial systems have been at the
forefront of analyzing the process in vivo, with approaches including
both genetic [112] and single molecule imaging approaches [43], and
have also led the way from a structural standpoint [42,48,113]. The
chloroplast system boasts a robust and staged in vitro assay in which
structure function studies can be conducted with in vitro assembled
components ([52], Ma and Cline in preparation) and a wealth of meth-
odology to parse the energetic components involved. Understanding
how the receptor complex recognizes precursor proteins will be an-
swered in both systems by a combination of biochemistry and structur-
al biology. Biochemical studies have already made strides in identifying
cpTatC (TatC) domains and residues involved in recognizing the twin
arginine signal peptides ([38], Ma and Cline in preparation). Efforts
are underway to crystallize the TatBC or TatC complexes, but to date
crystal structures have not been reported.
In our opinion, the major questions are the form and conformation
of Tha4 (TatA) upon assembly with the receptor complex and during
the translocation step. This is likely to come from biochemical ap-
proaches with a staged Tat system and possibly from structural studies
if a method to lock the transient conformation can be found. Certainly,
the size of the Tha4 (TatA) oligomer for substrates of different dimen-
sions will be necessary in order to evaluate the competing models for
the translocation conduit (i.e. channel vs. trapdoor). Single molecule
ﬂuorescence imaging has already made inroads into assessing the de-
gree of polymerization of TatA in transporting vs non-transporting
membranes and this approach promises to be an extremely powerful
tool in the future. Similarly, the functional estimation of the Tha4 oligo-
mer involved in transport is both an alternative approach that can be
applied to precursor proteins of different dimensions, to conditions of
the transport step, and to the makeup of the membrane bilayer in
lipid composition and ﬂuidity. All of these considerationsmay be neces-
sary to glean the essential nature of the protein conducting/transport
structure. Similarly, parsing the components of the protonmotive
force required for protein transport as well as the timing of the require-
ment will focus on the question regarding the need for energy to move
the protein across the membrane.
4.3. Post-translational cpSRP/Alb3
Dramatic progress has been made in understanding the soluble re-
actions in this process, revealing a pathway that has signiﬁcantly di-
verged from the prokaryotic process. Clearly the cpSRP43 subunit has
played the dominant role in adapting the SRP system to the organellar
situation. Because of the relative ease of structural analysis of the solu-
ble cpSRP components, structure–function studies will dominate this
area in the coming years. The signiﬁcant challenge is to decipher the
mechanisms involved in Alb3 mediated integration of the LHC proteins
and the steps that result in ligation of pigments to the apoprotein andthe assembly of subunits into LHCP trimers. There is some evidence
that integration and assembly are separate steps [114]. Efforts are ongo-
ing in three separate system, chloroplasts,mitochondria, and bacteria to
unravel the mechanisms of these integrases.
4.4. cpSec2 and integration of multispanning proteins
In our opinion, the frontier of intra-plastid protein targeting involves
the function of the cpSec2 system and integration of imported multi-
spanning proteins. It will not be easy, either to identify substrates or
clarify the mechanism. Conditional disabling methodologies for
cpSec2 components, when combined with the methods pioneered by
Alice Barkan's group [13], may clarify the primary defects in localization
of the various candidate substrates. And certainly, an in vitro rec-
onstituted assay would considerably help in dissecting themechanisms
involved. However, if our speculative scenario for cpSec2 function has
some basis in reality, then the cpSec2 system not only will reveal a
novel translocation mechanism akin to co-translational integration,
but also will provide a link between the many observations suggesting
that thylakoids develop from the inner envelopemembrane in develop-
ing plastids to the relatively well understood process of thylakoid pro-
tein localization in mature chloroplasts.
Acknowledgements
This work was supported in part by the National Institutes of
Health grant R01 GM46951. the National Science Foundation grant
MCB-1158110 to KC and a Fulbright-Conicyt grant to JC.
References
[1] F.U. Hartl, B. Schmidt, E.Wachter, H.Weiss,W. Neupert, Transport intomitochondria
and intramitochondrial sorting of the Fe/S protein of ubiquinol-cytochrome c
reductase, Cell 47 (1986) 939–951.
[2] K. Cline, C. Dabney-Smith, Plastid protein import and sorting: different paths to
the same compartments, Curr. Opin. Plant Biol. 11 (2008) 585–592.
[3] H.-M. Li, C.-C. Chiu, Protein transport into chloroplasts, Annu. Rev. Plant Biol. 61
(2010) 157–180.
[4] C.A. Skalitzky, J.R. Martin, J.H. Harwood, J.J. Beirne, B.J. Adamczyk, G.R. Heck,
et al., Plastids contain a second sec translocase system with essential functions,
Plant Physiol. 155 (2011) 354–369.
[5] P. Wang, R.E. Dalbey, Inserting membrane proteins: the YidC/Oxa1/Alb3 ma-
chinery in bacteria, mitochondria, and chloroplasts, Biochim. Biophys. Acta
1808 (2011) 866–875.
[6] J.-B. Peltier, O. Emanuelsson, D.E. Kalume, J. Ytterberg, G. Friso, A. Rudella, et al.,
Central functions of the lumenal and peripheral thylakoid proteome of Ara-
bidopsis determined by experimentation and genome-wide prediction, Plant
Cell 14 (2002) 211–236.
[7] M. Schubert, U.A. Petersson, B.J. Haas, C. Funk, W.P. Schröder, T. Kieselbach,
Proteome map of the chloroplast lumen of Arabidopsis thaliana, J. Biol. Chem.
277 (2002) 8354–8365.
[8] K. Cline, R. Henry, Import and routing of nucleus-encoded chloroplast proteins,
Annu. Rev. Cell Dev. Biol. 12 (1996) 1–26.
[9] A.M. Chaddock, A. Mant, I. Karnauchov, S. Brink, R.G. Herrmann, R.B. Klösgen,
et al., A new type of signal peptide: central role of a twin-arginine motif in trans-
fer signals for the ΔpH-dependent thylakoidal protein translocase, EMBO J. 14
(1995) 2715–2722.
[10] K. Cline, R. Henry, C. Li, Multiple pathways for protein transport into or across
the thylakoid membrane, EMBO J. 12 (1993) 4105–4114.
[11] R. Henry, A. Kapazoglou, M. McCaffery, K. Cline, Differences between lumen
targeting domains of chloroplast transit peptides determine pathway speciﬁcity
for thylakoid transport, J. Biol. Chem. 269 (1994) 10189–10192.
[12] R. Henry, M. Carrigan, M. McCaffrey, X. Ma, K. Cline, Targeting determinants and
proposed evolutionary basis for the Sec and the Delta pH protein transport sys-
tems in chloroplast thylakoid membranes, J. Cell Biol. 136 (1997) 823–832.
[13] R. Voelker, A. Barkan, Two nuclear mutations disrupt distinct pathways for
targeting proteins to the chloroplast thylakoid, EMBO J. 14 (1995) 3905–3914.
[14] K. Cline, S. Theg, The Sec and Tat protein translocation pathways in chloroplasts,
In: R.E. Dalbey, C.M. Koehler, F. Tamanoi (Eds.),Molecular Machines Involved in
Protein Transport Across Cellular Membranes, Elsevier, London, 2007,
pp. 463–492.
[15] K. Cline, H. Mori, Thylakoid ΔpH-dependent precursor proteins bind to a
cpTatC–Hcf106 complex before Tha4-dependent transport, J. Cell Biol. 154
(2001) 719–729.
[16] A.M. Creighton, A. Hulford, A. Mant, D. Robinson, C. Robinson, A monomeric,
tightly folded stromal intermediate on the ΔpH-dependent thylakoidal protein
transport pathway, J. Biol. Chem. 270 (1995) 1663–1669.
350 J.M. Celedon, K. Cline / Biochimica et Biophysica Acta 1833 (2013) 341–351[17] K. Cline, M. McCaffery, Evidence for a dynamic and transient pathway through
the TAT protein transport machinery, EMBO J. 26 (2007) 3039–3049.
[18] J. Yuan, R. Henry, M. McCaffery, K. Cline, SecA homolog in protein transport
within chloroplasts: evidence for endosymbiont-derived sorting, Science 266
(1994) 796–798.
[19] M. Nakai, A. Goto, T. Nohara, D. Sugita, T. Endo, Identiﬁcation of the SecA protein
homolog in pea chloroplasts and its possible involvement in thylakoidal protein
transport, J. Biol. Chem. 269 (1994) 31338–31341.
[20] E. Park, T.A. Rapoport, Mechanisms of Sec61/SecY-mediated protein transloca-
tion across membranes, Annu. Rev. Biophys. 41 (2012) 1–20.
[21] D.J.F. du Plessis, N. Nouwen, A.J.M. Driessen, The Sec translocase, Biochim.
Biophys. Acta 1808 (2011) 851–865.
[22] N. Nouwen, G. Berrelkamp, A.J.M. Driessen, Bacterial sec-translocase unfolds and
translocates a class of folded protein domains, J. Mol. Biol. 372 (2007) 422–433.
[23] E. Park, T.A. Rapoport, Preserving the membrane barrier for small molecules
during bacterial protein translocation, Nature 473 (2011) 239–242.
[24] K. Cline, W. Ettinger, S. Theg, Protein-speciﬁc energy requirements for protein
transport across or into thylakoid membranes. Two lumenal proteins are trans-
ported in the absence of ATP, J. Biol. Chem. 267 (1992) 2688–2696.
[25] R.M. Mould, C. Robinson, A proton gradient is required for the transport of two
lumenal oxygen-evolving proteins across the thylakoid membrane, J. Biol.
Chem. 266 (1991) 12189–12193.
[26] J. Yuan, K. Cline, Plastocyanin and the 33-kDa subunit of the oxygen-evolving
complex are transported into thylakoids with similar requirements as predicted
from pathway speciﬁcity, J. Biol. Chem. 269 (1994) 18463–18467.
[27] S.R. Haward, J. a Napier, J.C. Gray, Chloroplast SecA functions as a
membrane-associated component of the Sec-like protein translocase of pea
chloroplasts, Eur. J. Biochem. 248 (1997) 724–730.
[28] P.J. Hynds, D. Robinson, C. Robinson, The sec-independent twin-arginine trans-
location system can transport both tightly folded and malfolded proteins across
the thylakoid membrane, J. Biol. Chem. 273 (1998) 34868–34874.
[29] A. Hashimoto, W.F. Ettinger, Y. Yamamoto, S.M. Theg, Assembly of newly impo-
rted oxygen-evolving complex subunits in isolated chloroplasts: sites of assem-
bly and mechanism of binding, Plant Cell 9 (1997) 441–452.
[30] B.C. Berks, T. Palmer, F. Sargent, The Tat protein translocation pathway and its
role in microbial physiology, Adv. Microb. Physiol. 47 (2003) 187–254.
[31] X. Ma, K. Cline, Multiple precursor proteins bind individual Tat receptor com-
plexes and are collectively transported, EMBO J. 29 (2010) 1477–1488.
[32] B.C. Berks, F. Sargent, T. Palmer, MicroReview. The Tat protein export pathway,
Mol. Microbiol. 35 (2000) 260–274.
[33] A. Rodrigue, A. Chanal, K. Beck, M. Müller, L.F. Wu, Co-translocation of a periplas-
mic enzyme complex by a hitchhiker mechanism through the bacterial tat
pathway, J. Biol. Chem. 274 (1999) 13223–13228.
[34] F. Sargent, B.C. Berks, T. Palmer, Pathﬁnders and trailblazers: a prokaryotic targeting
system for transport of folded proteins, FEMS Microbiol. Lett. 254 (2006) 198–207.
[35] H. Mori, K. Cline, A twin arginine signal peptide and the pH gradient trigger
reversible assembly of the thylakoid ΔpH/Tat translocase, J. Cell Biol. 157
(2002) 205–210.
[36] M. Alami, I. Lüke, S. Deitermann, G. Eisner, H.-G. Koch, J. Brunner, et al., Differen-
tial interactions between a twin-arginine signal peptide and its translocase in
Escherichia coli, Mol. Cell 12 (2003) 937–946.
[37] F. Gérard, K. Cline, Efﬁcient twin arginine translocation (Tat) pathway transport
of a precursor protein covalently anchored to its initial cpTatC binding site,
J. Biol. Chem. 281 (2006) 6130–6135.
[38] S. Zoufaly, J. Froebel, P. Rose, T. Flecken, C. Maurer, M. Moser, et al., Mapping the
precursor-binding site on the TatC subunit of the twin-arginine-speciﬁc protein
translocase by site-speciﬁc photo cross-linking, J. Biol. Chem. 287 (2012)
13430–13441.
[39] U.K. Bageshwar, N. Whitaker, F.-C. Liang, S.M. Musser, Interconvertibility of
lipid- and translocon-bound forms of the bacterial Tat precursor pre-SufI, Mol.
Microbiol. 74 (2009) 209–226.
[40] B. Hou, S. Frielingsdorf, R.B. Klösgen, Unassisted membrane insertion as the
initial step in ΔpH/Tat-dependent protein transport, J. Mol. Biol. 355 (2006)
957–967.
[41] J.M. Celedon, K. Cline, Stoichiometry for binding and transport by the twin argi-
nine translocation system, J. Cell Biol. 197 (2012) 523–534.
[42] M.J. Tarry, E. Schäfer, S. Chen, G. Buchanan, N.P. Greene, S.M. Lea, et al., Structur-
al analysis of substrate binding by the TatBC component of the twin-arginine
protein transport system, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 13284–13289.
[43] M.C. Leake, N.P. Greene, R.M. Godun, T. Granjon, G. Buchanan, S. Chen, et al.,
Variable stoichiometry of the TatA component of the twin-arginine protein
transport system observed by in vivo single-molecule imaging, Proc. Natl.
Acad. Sci. U. S. A. 105 (2008) 15376–15381.
[44] J. Fröbel, P. Rose, M. Müller, Early contacts between substrate proteins and TatA
translocase component in twin-arginine translocation, J. Biol. Chem. 286 (2011)
43679–43689.
[45] C. Dabney-Smith, H. Mori, K. Cline, Oligomers of Tha4 organize at the thylakoid
Tat translocase during protein transport, J. Biol. Chem. 281 (2006) 5476–5483.
[46] C. Dabney-Smith, K. Cline, Clustering of C-terminal stromal domains of Tha4
homo-oligomers during translocation by the Tat protein transport system,
Mol. Biol. Cell 20 (2009) 2060–2069.
[47] C. Maurer, S. Panahandeh, A.-C. Jungkamp, M. Moser, M. Mu, TatB functions as
an oligomeric binding site for folded Tat precursor proteins, Mol. Biol. Cell 21
(2010) 4151–4161.
[48] U. Gohlke, L. Pullan, C.A. McDevitt, I. Porcelli, E. De Leeuw, T. Palmer, et al., The
TatA component of the twin-arginine protein transport system forms channelcomplexes of variable diameter, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)
10482–10486.
[49] T. Brüser, C. Sanders, An alternative model of the twin arginine translocation
system, Microbiol. Res. 158 (2003) 7–17.
[50] A. Tossi, L. Sandri, A. Giangaspero, Amphipathic, α-helical antimicrobial
peptides, Biopolymers 55 (2000) 4–30.
[51] G. Finazzi, C. Chasen, F.-A. Wollman, C. de Vitry, Thylakoid targeting of Tat
passenger proteins shows no ΔpH dependence in vivo, EMBO J. 22 (2003)
807–815.
[52] S.M. Theg, K. Cline, G. Finazzi, F.-A. Wollman, The energetics of the chloroplast
Tat protein transport pathway revisited, Trends Plant Sci. 10 (2005) 153–154.
[53] N. Braun, A. Davis, S. Theg, The chloroplast Tat pathway utilizes the transmem-
brane electric potential as an energy source, Biophys. J. 93 (2007) 1993–1998.
[54] N. Alder, S. Theg, Energetics of protein transport across biological membranes: a
study of the thylakoid ΔpH-dependent/cpTat pathway, Cell 112 (2003)
231–242.
[55] U.K. Bageshwar, S.M. Musser, Two electrical potential-dependent steps are
required for transport by the Escherichia coli Tat machinery, J. Cell Biol. 179
(2007) 87–99.
[56] C. Dabney-Smith, H. Mori, K. Cline, Requirement of a Tha4-conserved trans-
membrane glutamate in thylakoid Tat translocase assembly revealed by
biochemical complementation, J. Biol. Chem. 278 (2003) 43027–43033.
[57] E. Schleiff, R.B. Klösgen, Without a little help from “my” friends: direct insertion
of proteins into chloroplast membranes? Biochim. Biophys. Acta 1541 (2001)
22–33.
[58] C. Aldridge, P. Cain, C. Robinson, Protein transport in organelles: protein trans-
port into and across the thylakoid membrane, FEBS J. 276 (2009) 1177–1186.
[59] I. Karnauchov, D. Cai, I. Schmidt, R. Herrmann, R. Klosgen, The thylakoid translo-
cation of subunit 3 of photosystem I, the psaF gene product, depends on a bipar-
tite transit peptide and proceeds along an azide-sensitive pathway, J. Biol. Chem.
269 (1994) 32871–32878.
[60] R.A.O. Rodrigues, M.C. Silva-Filho, K. Cline, FtsH2 and FtsH5: two homologous
subunits use different integration mechanisms leading to the same thylakoid
multimeric complex, Plant J. 65 (2011) 600–609.
[61] R.M. Mould, J.S. Knight, E. Bogsch, J.C. Gray, Azide-sensitive thylakoid membrane
insertion of chimeric cytochrome f polypeptides imported by isolated pea chlo-
roplasts, Plant J. 11 (1997) 1051–1058.
[62] E.J. Summer, H. Mori, A.M. Settles, K. Cline, The thylakoid ΔpH-dependent path-
way machinery facilitates RR-independent N-tail protein integration, J. Biol.
Chem. 275 (2000) 23483–23490.
[63] P.-J. Lin, C.G. Jongsma, M.R. Pool, A.E. Johnson, Polytopic membrane protein fold-
ing at L17 in the ribosome tunnel initiates cyclical changes at the translocon, J.
Cell Biol. 195 (2011) 55–70.
[64] P.K. Devaraneni, B. Conti, Y. Matsumura, Z. Yang, A.E. Johnson, W.R. Skach, Step-
wise insertion and inversion of a type II signal anchor sequence in the
ribosome-Sec61 translocon complex, Cell 146 (2011) 134–147.
[65] H. Sadlish, D. Pitonzo, A.E. Johnson, W.R. Skach, Sequential triage of transmem-
brane segments by Sec61alpha during biogenesis of a native multispanning
membrane protein, Nat. Struct. Mol. Biol. 12 (2005) 870–878.
[66] R.E. Dalbey, M. Chen, Sec-translocase mediated membrane protein biogenesis,
Biochim. Biophys. Acta 1694 (2004) 37–53.
[67] F. Ossenbühl, V. Göhre, J. Meurer, A. Krieger-Liszkay, J.-D. Rochaix, L.A. Eichacker,
Efﬁcient assembly of photosystem II in Chlamydomonas reinhardtii requires
Alb3.1p, a homolog of Arabidopsis ALBINO3, Plant Cell 16 (2004) 1790–1800.
[68] L. Zhang, V. Paakkarinen, M. Suorsa, E.M. Aro, A SecY homologue is involved in
chloroplast-encoded D1 protein biogenesis, J. Biol. Chem. 276 (2001)
37809–37814.
[69] R. Nilsson, J. Brunner, N.E. Hoffman, K.J. van Wijk, Interactions of ribosome na-
scent chain complexes of the chloroplast-encoded D1 thylakoid membrane pro-
tein with cpSRP54, EMBO J. 18 (1999) 733–742.
[70] T. Tzvetkova-Chevolleau, C. Hutin, L.D. Noël, R. Goforth, J.-P. Carde, S. Caffarri, et al.,
Canonical signal recognition particle components can be bypassed for posttransla-
tional protein targeting in chloroplasts, Plant Cell 19 (2007) 1635–1648.
[71] Y. Asakura, S. Kikuchi, M. Nakai, Non-identical contributions of two
membrane-bound cpSRP components, cpFtsY and Alb3, to thylakoid biogenesis,
Plant J. 56 (2008) 1007–1017.
[72] K. Cline, Import of proteins into chloroplasts, J. Biol. Chem. 261 (1986) 14804–14810.
[73] S. High, R. Henry, R.M. Mould, Q. Valent, S. Meacock, K. Cline, et al., Chloroplast
SRP54 interacts with a speciﬁc subset of thylakoid precursor proteins, J. Biol.
Chem. 272 (1997) 11622–11628.
[74] J. DeLille, E.C. Peterson, T. Johnson, M. Moore, A. Kight, R. Henry, A novel precur-
sor recognition element facilitates posttranslational binding to the signal recog-
nition particle in chloroplasts, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 1926–1931.
[75] K.F. Stengel, I. Holdermann, P. Cain, C. Robinson, K. Wild, I. Sinning, Structural
basis for speciﬁc substrate recognition by the chloroplast signal recognition
particle protein cpSRP43, Science 321 (2008) 253–256.
[76] X. Li, R. Henry, J. Yuan, K. Cline, N.E. Hoffman, A chloroplast homologue of the signal
recognition particle subunit SRP54 is involved in the posttranslational integration
of a protein into thylakoid membranes, Proc. Natl. Acad. Sci. U. S. A. 92 (1995)
3789–3793.
[77] H.D. Bernstein, D. Zopf, D.M. Freymann, P. Walter, Functional substitution of the
signal recognition particle 54-kDa subunit by its Escherichia coli homolog, Proc.
Natl. Acad. Sci. U. S. A. 90 (1993) 5229–5233.
[78] U.C. Krieg, P. Walter, a E. Johnson, Photocrosslinking of the signal sequence of
nascent preprolactin to the 54-kilodalton polypeptide of the signal recognition
particle, Proc. Natl. Acad. Sci. U. S. A. 83 (1986) 8604–8608.
351J.M. Celedon, K. Cline / Biochimica et Biophysica Acta 1833 (2013) 341–351[79] T.V. Kurzchalia, M. Wiedmann, A.S. Girshovich, E.S. Bochkareva, H. Bielka, T.A.
Rapoport, The signal sequence of nascent preprolactin interacts with the 54K
polypeptide of the signal recognition particle, Nature 320 (1986) 634–636.
[80] L.A. Payan, K. Cline, A stromal protein factor maintains the solubility and inser-
tion competence of an imported thylakoid membrane protein, J. Cell Biol. 112
(1991) 603–613.
[81] P. Jaru-Ampornpan, K. Shen, V.Q. Lam, M. Ali, S. Doniach, T.Z. Jia, et al.,
ATP-independent reversal of a membrane protein aggregate by a chloroplast
SRP subunit, Nat. Struct. Mol. Biol. 17 (2010) 696–702.
[82] C.-J. Tu, D. Schuenemann, N.E. Hoffman, Chloroplast FtsY, chloroplast signal rec-
ognition particle, and GTP are required to reconstitute the soluble phase of
light-harvesting chlorophyll protein transport into thylakoid membranes,
J. Biol. Chem. 274 (1999) 27219–27224.
[83] N. Kogata, K. Nishio, T. Hirohashi, S. Kikuchi, M. Nakai, Involvement of a chloro-
plast homologue of the signal recognition particle receptor protein, FtsY, in pro-
tein targeting to thylakoids, FEBS Lett. 447 (1999) 329–333.
[84] N.E. Lewis, N.J. Marty, K.M. Kathir, D. Rajalingam, A.D. Kight, A. Daily, et al., A dy-
namic cpSRP43–Albino3 interaction mediates translocase regulation of chloro-
plast signal recognition particle (cpSRP)-targeting components, J. Biol. Chem.
285 (2010) 34220–34230.
[85] Q.A. Valent, P.A. Scotti, S. High, J.W. de Gier, G. von Heijne, G. Lentzen, et al., The
Escherichia coli SRP and SecB targeting pathways converge at the translocon,
EMBO J. 17 (1998) 2504–2512.
[86] E. de Leeuw, K. te Kaat, C. Moser, G. Menestrina, R. Demel, B. de Kruijff, et al., An-
ionic phospholipids are involved in membrane association of FtsY and stimulate
its GTPase activity, EMBO J. 19 (2000) 531–541.
[87] N.J. Marty, D. Rajalingam, A.D. Kight, N.E. Lewis, D. Fologea, T.K.S. Kumar, et al.,
The membrane-binding motif of the chloroplast signal recognition particle re-
ceptor (cpFtsY) regulates GTPase activity, J. Biol. Chem. 284 (2009)
14891–14903.
[88] B. Dünschede, T. Bals, S. Funke, D. Schünemann, Interaction studies between the
chloroplast signal recognition particle subunit cpSRP43 and the full-length
translocase Alb3 reveal a membrane-embedded binding region in Alb3, J. Biol.
Chem. 286 (2011) 35187–35195.
[89] S. Falk, S. Ravaud, J. Koch, I. Sinning, The C terminus of the Alb3 membrane
insertase recruits cpSRP43 to the thylakoid membrane, J. Biol. Chem. 285
(2010) 5954–5962.
[90] S. Funes, F. Kauff, E.O. van der Sluis, M. Ott, J.M. Herrmann, Evolution of
YidC/Oxa1/Alb3 insertases: three independent gene duplications followed by
functional specialization in bacteria, mitochondria and chloroplasts, Biol.
Chem. 392 (2011) 13–19.
[91] R. Kohler, D. Boehringer, B. Greber, R. Bingel-Erlenmeyer, I. Collinson, C.
Schafﬁtzel, et al., YidC and Oxa1 form dimeric insertion pores on the translating
ribosome, Mol. Cell 34 (2009) 344–353.
[92] K. Beck, G. Eisner, D. Trescher, R.E. Dalbey, J. Brunner, M. Müller, YidC, an assem-
bly site for polytopic Escherichia coli membrane proteins located in immediate
proximity to the SecYE translocon and lipids, EMBO Rep. 2 (2001) 709–714.
[93] E. Sundberg, J.G. Slagter, I. Fridborg, S.P. Cleary, C. Robinson, G. Coupland,
ALBIN03, an Arabidopsis nuclear gene essential for chloroplast differentiation,
encodes a chloroplast protein that shows homology to proteins present in bac-
terial membranes and yeast mitochondria, Plant Cell 9 (1997) 717–730.
[94] C.V. Richter, T. Bals, D. Schünemann, Component interactions, regulation and
mechanisms of chloroplast signal recognition particle-dependent protein trans-
port, Eur. J. Cell Biol. 89 (2010) 965–973.
[95] K. Cline, Biogenesis of green plant thylakoid membranes, In: B. Green, W. Parson
(Eds.), Advances in Photosynthesis and Respiration: Light Harvesting Antennasin Photosynthesis, Kluwer Academic Publishers, Dordrecht, The Netherlands,
2003, pp. 353–372.
[96] J.R. Martin, J.H. Harwood, M. McCaffery, D.E. Fernandez, K. Cline, Localization
and integration of thylakoid protein translocase subunit cpTatC, Plant J. 58
(2009) 831–842.
[97] L. Yi, F. Jiang, M. Chen, B. Cain, A. Bolhuis, R.E. Dalbey, YidC is strictly required for
membrane insertion of subunits a and c of the F(1)F(0)ATP synthase and SecE of
the SecYEG translocase, Biochemistry 42 (2003) 10537–10544.
[98] L. Gerdes, T. Bals, E. Klostermann, M. Karl, K. Philippar, M. Hünken, et al., A
second thylakoid membrane-localized Alb3/OxaI/YidC homologue is involved
in proper chloroplast biogenesis in Arabidopsis thaliana, J. Biol. Chem. 281
(2006) 16632–16642.
[99] M. Benz, T. Bals, I.L. Gügel, M. Piotrowski, A. Kuhn, D. Schünemann, et al., Alb4 of Ara-
bidopsis promotes assembly and stabilization of a non chlorophyll-binding photosyn-
thetic complex, the CF1CF0-ATP synthase, Mol. Plant 2 (2009) 1410–1424.
[100] R. Motohashi, N. Nagata, T. Ito, S. Takahashi, T. Hobo, S. Yoshida, et al., An essen-
tial role of a TatC homologue of a ΔpH-dependent protein transporter in
thylakoid membrane formation during chloroplast development in Arabidopsis
thaliana, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 10499–10504.
[101] M. Li, D.J. Schnell, Reconstitution of protein targeting to the inner envelope
membrane of chloroplasts, J. Cell Biol. 175 (2006) 249–259.
[102] J. Tripp, K. Inoue, K. Keegstra, J.E. Froehlich, A novel serine/proline-rich domain
in combination with a transmembrane domain is required for the insertion of
AtTic40 into the inner envelope membrane of chloroplasts, Plant J. 52 (2007)
824–838.
[103] L. Vojta, J. Soll, B. Bölter, Requirements for a conservative protein translocation
pathway in chloroplasts, FEBS Lett. 581 (2007) 2621–2624.
[104] N.W. Rigel, M. Braunstein, A new twist on an old pathway—accessory secretion
systems, Mol. Microbiol. 69 (2008) 291–302.
[105] F. Yusa, J.M. Steiner, W. Löffelhardt, Evolutionary conservation of dual Sec
translocases in the cyanelles of Cyanophora paradoxa, BMC Evol. Biol. 8 (2008) 304.
[106] J.-P. Carde, J. Joyard, R. Douce, Electron microscopic studies of envelope mem-
branes from spinach plastids, Biol. Cell 44 (1982) 315–324.
[107] K. Kobayashi, M. Kondo, H. Fukuda, M. Nishimura, H. Ohta, Galactolipid synthe-
sis in chloroplast inner envelope is essential for proper thylakoid biogenesis,
photosynthesis, and embryogenesis, Proc. Natl. Acad. Sci. U. S. A. 104 (2007)
17216–17221.
[108] D.J. Morré, G. Selldén, C. Sundqvist, A.S. Sandelius, Stromal low temperature
compartment derived from the inner membrane of the chloroplast envelope,
Plant Physiol. 97 (1991) 1558–1564.
[109] J.K. Hoober, C.O. Boyd, L.G. Paavola, Origin of thylakoid membranes in
Chlamydomonas reinhardtii y-1 at 38 °C, Plant Physiol. 96 (1991) 1321–1328.
[110] J. Ma, L. Peng, J. Guo, Q. Lu, C. Lu, L. Zhang, LPA2 is required for efﬁcient assembly
of photosystem II in Arabidopsis thaliana, Plant Cell 19 (2007) 1980–1993.
[111] W. Cai, J. Ma, W. Chi, M. Zou, J. Guo, C. Lu, et al., Cooperation of LPA3 and LPA2 is
essential for photosystem II assembly in Arabidopsis, Plant Physiol. 154 (2010)
109–120.
[112] P. Kreutzenbeck, C. Kröger, F. Lausberg, N. Blaudeck, G.A. Sprenger, R. Freudl,
Escherichia coli twin arginine (Tat) mutant translocases possessing relaxed sig-
nal peptide recognition speciﬁcities, J. Biol. Chem. 282 (2007) 7903–7911.
[113] J. Oates, J. Mathers, D. Mangels, W. Kühlbrandt, C. Robinson, K. Model, Consensus
structural features of puriﬁed bacterial TatABC complexes, J. Mol. Biol. 330
(2003) 277–286.
[114] J.E. Reed, K. Cline, L.C. Stephens, K.O. Bacot, P.V. Viitanen, Early events in the
import/assembly pathway of an integral thylakoid protein, Eur. J. Biochem.
194 (1990) 33–42.
